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Abstract 
 
We have studied transport property of superconductor-ferromagnet hybridized structure in nanometer-scale processed by a focused 
ion beam technique. The structure was consisted of high-Tc superconductor YBa2Cu3O7-x and half metallic ferromagnet 
La0.7Sr0.3MnO3 thin films deposited by pulse laser deposition on SrTiO3 (100) single crystal substrates. We have measured the I-V 
characteristics of the sample with 400 nm ferromagnetic layer, but we could not observe the proximity effect.  
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1. Introduction 
  
Recently, interplay of magnetism at the interface to superconductors has attracted a great deal of interests. 
Especially, when a conventional spin-singlet superconductor is brought into the contact with a normal metal, 
superconducting pairs penetrate into the normal metal over distance as long as a few submicron at low temperature, 
creating the superconducting proximity effect [1]. If the normal metal is replaced by a ferromagnet, the Cooper pairs 
penetrate only a few nanometers, as the exchange field in the ferromagnet leads to a rapid loss of phase coherence 
between electrons with opposite-pointing spins [2, 3]. On superconductor/ferromagnet (S/F) interface, when the 
Cooper pairs penetrate into the F-layer, exchange interaction influences Cooper pairs and there are considered to occur 
two cases; the first case is that the pairs have the parallel spins and zero momentum like the spin triplet 
superconducting state, the second case is the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state [4, 5], in which the 
Cooper pairs have a finite momentum and the wave function in the F-layer is oscillated. In S/F/S junction under 
appropriate conditions, the F-layer can become a π phase shifter, providing the phase difference φ=π between two 
superconductors in the ground state in contrast to φ= 0 in ordinary Josephson junctions. However, these phenomena 
can be observed only in the case of weak ferromagnetism and the proximity effect appears up to several nanometres. In 
S/F/S junction with CrO2 (with polarized spins) as the F-layer, despite the spacing of F-layer between the 
superconductors is sufficiently long (0.3 ~ 1 ∝ m), Josephson current was observed by Keizer et al. [6]. This result 
cannot be explained by FFLO state and implies the Cooper pairs with parallel spins and zero momentum. Because the 
spin and the orbital functions are symmetric, the wave function should be anti-symmetric for interchanging the time of 
the electron wave function according to the Fermi-Dirac statistics. Furthermore, half metals are an extreme case of a 
completely spin polarized material because its electronic structure is insulating for one spin direction and metallic for 
the other. At the first thought, the spin-singlet Cooper pairs would not be able to penetrate into half metals. However, a 
recent experiment has shown the existence of Josephson coupling in superconductor/half metal/superconductor 
(S/HM/S) junctions [6]. Thus one has to seek a new state of Cooper pairs in half metals attached to spin-singlet 
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superconductors to make clear how the new state pairs are formed and exist in half metal. In this paper, we have made 
the junctions with the hybrid layer structure of the YBCO and LSMO and measurements of electronic transport 
depending on the F-layer thickness to obtain the coherent length. We present here only the result of 400nm length of 
the F-layer junction.  
2. Experimental 
 
The sample is consisted of the ferromagnet La0.7Sr0.3MnO3 (LSMO) and superconductor YBa2Cu3O7-x (YBCO) 
hybrid structures made by Pulse Laser Deposition (PLD) technique. First, LSMO thin film was deposited by PLD 
using a Lambda Physics ArF excimer laser with a sintered target of the tuned composition LSMO on SrTiO3 (STO) 
(100) single crystal substrates. Prior to each deposition, the deposition chamber was evacuated down to a background 
pressure as low as 10-5 Pa. Then, the oxygen background pressure was kept constant at 30.7 Pa during each film 
deposition. During the deposition, laser beam was focused on the rotating targets with energy density of 2 J/cm2. All 
depositions were carried out at a distance of 50 mm between the target and the substrate. The laser repetition rate was 
set to 10 Hz. All the films were grown at a substrate temperature as high as 635 ϒC. The LSMO layer thickness was 
50nm. Second, YBCO thin film was deposited on the LSMO layer. After the YBCO deposition, the oxygen gas was 
introduced up to the pressure of 8.1×104 Pa, and the post-annealing was carried out at the substrate temperature 530 ϒC. 
The YBCO layer thickness was 90 nm.  
The basic structure was patterned by photolithography and Ar-ion beam etching with cooling the substrate by He 
gas. In addition, YBCO was removed using a focused Ga+-ion beam technique (FIB) as schematically drawn in Fig. 
1(a). We applied the FIB technique with the acceleration voltage of 30 keV and the current in the range of 10 pA. 
During the FIB process, we watched the secondary ion microscope (SIM) image how the YBCO layer was removed 
with color change. Figure 1(b) is an SIM image of the YBCO/LSMO nanostrip (~0.6 μm wide) with YBCO laterally 
removed within a length L = 400 nm. Before patterning, we measured the resistance on the YBCO/LSMO hybrid 
structure by the dc four-terminal measurement method. After patterning, dc two-terminal measurement method was 
used. X-ray diffraction analysis (XRD) and φ-scanning were used to characterize the growth of both films.  
 
3. Results and discussion 
 
YBCO/LSMO thin films were evaluated by XRD and φ-scanning of YBCO (013) as shown in Figs. 2(a) and (b), 
respectively. In Fig. 2(a), the blue line indicates the observed diffraction pattern, the red line and labels are the YBCO 
calculated pattern and thin film peak positions, respectively, the green labels indicate the calculated LSMO peak 
positions, and the black ones are indexes of the STO substrate. This indicates that the YBCO and LSMO thin films are 
well oriented along the c-axis. Figure 2(b) shows the φ scan of YBCO and STO substrate. It is shown that the YBCO 
and STO substrate peaks emerge at the same positions. From these results, the YBCO/LSMO thin film grows epitaxial 
on STO substrate. Before the FIB process, the four-terminal R-T measurements of the YBCO/LSMO layers and the 
LSMO single layer were made as shown in Fig 3. In the figure, the red symbol shows the resistance of the 
YBCO/LSMO layers sample and the blue symbol shows the resistivity of the LSMO single layer. It is seen that the 
sample has the superconducting transition temperature Tc = 85.3 K and the LSMO single layer has a metallic 
dependence on temperature. The YBCO/LSMO hybrid structure after the photolithography and the FIB process is 
shown in Fig. 4. The shade of the color indicates the layer structure, and it is clearly seen that only the YBCO layer 
 
 
Fig. 1. (a) Schematic drawing of the cross section of the junction; (b) SEM image of the realized YBCO/LSMO nano-strip 
with YBCO laterally removed with a length L = 400nm 
(a) (b) 
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was removed completely. However, after the Ar etching and the FIB process, this sample did not show 
superconductivity. Then, we tried to anneal this sample at 530 ϒC. Figure 5 shows the result of resistance 
measurements on the YBCO electrodes before and after annealing the sample with red dots and blue dots, respectively. 
After the annealing, the sample shows the superconductivity around at Tc = 50 K. But finite contact resistance (~ 24 
ohm) is remained below 40 K, because of the two terminal resistance measurements. So, it is suggested that the oxygen 
content becomes low by Ar-ion etching and the superconductivity vanishes. 
Figures 6(a) and (b) show the results of I-V measurements at T = 1.8 K and those of the R-T measurement of the 
                     
        
Fig. 2. The X-ray diffraction pattern of YBCO/LSMO thin film; (a) θ-2θ scan and (b) φ-scan profile. 
(a) (b) 
 
 
Fig. 3. The R-T measurement of the sample and resistivity 
of the LSMO thin film with the red symbol and the blue 
symbol, respectively.  
  
      
 
Fig. 4. The SIM image of the junction of the YBCO/
LSMO hybrid structure. 
  
 
 
Fig. 5. R-T curves with red symbol and blue one of before and after annealing the sample, respectively. 
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YBCO/LSMO/YBCO junction, respectively. In Fig. 6(a), we cannot find any Josephson current to flow. So, there is no 
proximity effect on this sample. However, from the R-T measurements in Fig. 6(b), there is a kink around 40 ~ 50 K, 
which may correspond to the superconducting transition temperature range as shown in Fig. 5. As the resistances is 
around 2000 Ω through the junction after superconducting transition in Fig. 6(b) with decreasing temperature, the 
transition is hardly observed to show a little change in the resistance, because the resistances of YBCO electrodes drop 
to around 30 Ω as seen in Fig. 5. At 1.8 K, where YBCO layers (electrodes) are considered to be superconductive, we 
estimated the thickness of the LSMO layer from the R-T measurements with the LSMO resistivity in Fig. 3, and the 
thickness of the LSMO is calculated as about 2 nm.  From Fig. 4, it is seen that the LSMO layer is estimated to remain 
about 50 nm. Discrepancy between these values is quite large. And we assumed the size of the LSMO part shown in 
the inset in Fig.6 and converted the resistivity of LSMO shown in Fig. 6(b) right axis.  From the comparisons with Fig. 
3 and Fig. 6(b), the resistivity after the photolithography and FIB process is more than 10 times larger than that before 
the process. This may be occurred that, being the oxygen content in LSMO thin film changed by annealing or pattering 
process, LSMO resistivity may be increased. Then, we may under-estimate the thickness of LSMO. To make clear the 
proximate effect, we will study the resistance change of LSMO thin films during fabricating the junction and annealing, 
and, changing the LSMO gap length shorter, we will confirm the Josephson current depending on the ferromagnetic 
length. Furthermore, we will find that the usual Cooper pairs are re-formed to new state pairs in half metal. 
 
4. Conclusion 
 
We have made the YBCO/LSMO hybrid structure by PLD method. The realization of junctions based on high 
temperature superconductors is at present very difficult in technical task using an FIB technique. Josephson current was 
not observed to flow in the LSMO layer with the length of 400 nm between YBCO electrodes.  
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Fig. 6. (a) is the result of the I-V measurement of the sample at T =1.8 K, and (b) is that of R-T measurement. 
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